The teaching process is well described as an interaction between teacher, student, and content. Thus, it seems obvious that teachers must know the content to help students to learn it. Instruments have been developed to measure teachers' content knowledge (CK) in biology, but few of them have been provided to the scientific community. Furthermore, most of them have a topic-specific approach, so there is a need for a more comprehensive measure. In efforts to meet this need we have developed an instrument called the CK in biology inventory (CK-IBI), which has a broader scope than previously published instruments and covers knowledge of five biological disciplines (i.e., ecology, evolution, genetics and microbiology, morphology, and physiology). More than 700 pre-service biology teachers were enrolled to participate in tests to assess the instrument's objectivity, reliability, and validity in two cross-sectional evaluations. Item and scale analyses as well as validity checks indicate that the final version of the CK-IBI (37 items; Cronbach's α = 0.83) can be scored objectively, is unidimensional, reliable, and validly measures pre-service biology teachers' CK. As the instrument was used in a German context, it has been translated into English to enable its scrutiny and use by international communities.
Introduction

Construction and Evaluation of an Instrument to Measure Content Knowledge in Biology
The teaching process is well described as an interaction between teacher, student, and subject-matter (i.e., the content), because as noted by Ball [1] , "Teachers cannot help children learn things they themselves do not understand" (p. 5) [2] [3] [4] . Furthermore, policy documents regard teachers' content knowledge (CK) as a significant predictor of students' learning [5, 6] . However, verification of this view and analysis of associated factors are hampered by a conspicuous absence of empirical evidence in the literature [7] [8] [9] [10] . A few scholars have found indications that teachers' CK has considerable effects on students' achievement [11, 12] . However, several reviews and meta-analyses indicate that it has little or even no predictive power for achievement and learning [3, 13] . Furthermore, few studies have provided clues regarding factors that could influence the strength of the relationships between teachers' CK and students' achievement and learning. Notably, a review by Darling-Hammond [14] suggests that CK fosters teaching effectiveness up to a certain threshold level, beyond which its influence tapers off. Thus, if the average CK of a particular sample exceeds the threshold level, a possible influence of teachers' CK would be masked. If so, the range of test subjects' CK would influence the degree
Assessment of CK
In previous research both qualitative and quantitative approaches have been applied for assessing teachers' CK. Qualitative procedures are valuable for obtaining deep insights into teachers' minds, for example through interviews (e.g., [44, 45] ) or analyzing lesson plans [45] . However, they cannot be practically applied in surveys of views or abilities of large numbers of subjects, as planned in this study.
In addition to these methods, there are various methods for assessing the structural nature of CK, involving (for example) use of concept mapping tasks [2, 46] , sorting tasks [2] , and diagnostic games-like instruments [46] . In studies involving large samples, quantitative procedures (e.g., paper-and-pencil tests) have proven utility for assessing teachers' CK. In such tests scholars usually distinguish between open-ended items (e.g., [47, 48] ) and closed-ended items (e.g., [10, 49, 50] ). Open-ended items can provide richer insights into subjects' thinking processes and understanding than closed-ended items, because responses reflect their personal knowledge and logic, rather than the test designers' logic implicitly underlying prefabricated responses in closed-ended items [51] . However, substantial effort is inevitably required from both test subjects and evaluators, who respectively provide and process responses to open-ended items (e.g., [52, 53] ). Closed-ended items (such as multiple-choice items) are advantageous in this respect as they can be rapidly scored, thereby facilitating assessment of numerous subjects [52, 54] . In addition, they minimize subjectivity in evaluations of participants' responses [52, 53] , and allow far more items to be answered in a given period, thus potentially enabling exploration of broader CK ranges [52, 53] . Furthermore, although some researchers claim that open-ended items have greater validity [28, 51] , other authors have found no differences in their validity in some cases [55] . A highly relevant finding for this study is that suitably formulated open-ended and closed-ended items can provide highly similar indications of participants' skills, knowledge, and abilities (e.g., [53, 56, 57] ). Thus, for the study presented here we developed paper-and-pencil tests including both closed-and open-ended items to evaluate a broad range of biology teachers' CK in practical test times and acquire information about each individual participant's logic.
Hypotheses
Two data collections were conducted in two consecutive years (hereafter Evaluation 1 and 2, described below) to evaluate the validity of the CK-IBI. Both data collections included tests of the instrument with large samples of pre-service biology teachers, analyses of the acquired data (item analyses, scale analyses, and validity tests) and consequent adjustment of the instrument. We identified a variety of criteria and constructs, stated hypotheses referring to the relationship between these criteria/constructs and CK-IBI scores and tested hypotheses to investigate the criterion and construct validity of CK-IBI scores. Hereafter, we justify the selection of criteria/constructs and describe the corresponding hypotheses.
•
Teacher education program. Pre-service teachers choose between two secondary teacher education programs (both require the study of two teaching subjects) which provide a teaching certificate for schools qualifying their students for an academic (grade 5-12 [or 13]; academic track) or nonacademic career (grade 5-9 [or 10]; nonacademic track). There are strong indications that the type of teacher education program pre-service teachers attend influences their performance [37, 58, 59] , partly due to associated variations in the number of subject-related courses they take [60] . Pre-service teachers of the academic track reportedly perform better in CK tests than their nonacademic colleagues [48, 61, 62] . Thus, we hypothesize that CK scores for participants of the academic track would be higher than those of their colleagues of the nonacademic track.
• Period of time spent in higher education. During their 3.5 to 5 years of higher education, pre-service teachers in Germany get lectures to develop professional knowledge, that is, CK, PCK, and pedagogical/psychological knowledge (PPK). Beyond that, they have instructional practice at schools, lasting up to five months in total [63] . Research confirms that pre-service teachers' professional knowledge arise during the course of higher education [61, 64] . As higher education in Germany is structured in semesters-the semester is one of the two periods of time that a year at university is divided into-we expect a positive correlation between CK scores and semester (Since there is no standard order of CK contents across universities in Germany, for the sake of simplicity this hypothesis assumes that pre-service teachers are best prepared in the end of higher education, although content thought in the first semester may have been forgotten in the end).
• Academic success. The high school grade point average (GPA) is one of the most important criteria for selecting higher education candidates in Germany [65] . There are varying opinions regarding what it measures, e.g., cognitive abilities [66, 67] or academic achievement [68] . A meta-analysis by Baron-Boldt [69] showed that GPA is a valid predictor of academic success (finding a correlation between GPA and academic success in university with r = 0.46), and other authors regard GPA as one of the best available predictors of academic success [70, 71] . Thus, unsurprisingly given the association between GPA and CK, several authors have found moderate correlations between GPA and measured CK of pre-service teachers of physics (e.g., [48] ) and mathematics [72, 73] . Therefore, we expected to find negative correlations between GPA and CK subscale scores.
•
Cognitive abilities. Inferences about peoples' cognitive abilities are commonly derived from their formal reasoning abilities. This construct-defined as the "basic intellectual processes of manipulating abstractions, rules, generalizations, and logical relationships" [74] (p. 583)-is a viable predictor of learning progress and performance according to various studies (e.g., [75] ). Three sub-constructs of formal reasoning ability can be distinguished: verbal, nonverbal figural, and numerical reasoning (the abilities to solve text-based, geometric, and quantitative problems, respectively) [76] . As verbal abilities seem most relevant for a primarily language-based instrument, we expect CK scores to be positively related to verbal reasoning abilities, but not to the other subscales. Research has shown that biology teachers' CK and PCK are highly correlated but distinct domains of knowledge [78] , in accordance with findings regarding the knowledge of teachers of various other subjects, physics, and mathematics for example [48, 79, 80] . We expect CK scores and PCK scores to be highly correlated, but CK and PCK to be empirically separable constructs.
• PPK. Pedagogical knowledge was initially defined as knowledge of the "broad principles and strategies of classroom management and organization" [81] (p. 8), which is independent of the subject matter. Tamir [82] extended this definition by identifying four elements of pedagogical knowledge: knowledge of "instructional strategies for teaching", "students' understanding", "classroom management", and "assessment". Voss [83] recently further extended the boundaries of pedagogical knowledge into PPK, by including psychological aspects related to the classroom and heterogeneity of individual students. Großschedl and colleagues [32] found that pre-service biology teachers' CK and PPK are moderately correlated domains of knowledge, while other researchers have found a substantial correlation among a sample of pre-service physics teachers and a weak correlation among a sample of pre-service mathematics teachers [33] . We hypothesize that CK and PPK scores would be positively correlated, but expect CK and PPK to be empirically separable constructs.
• Opportunities to learn. It is well known that the curriculum of educational institutions as well as the intensity of CK, PCK, and PPK contents in teacher education influence students' performance [3] . Thus, CK, PCK, and PPK contents considered in participants' previous teacher education were captured as indicators of their opportunities to learn (in addition to type of teacher education program and number of semesters). Regarding the contents considered in previous teacher education as indicators of the realized curriculum, we expect to find a positive correlation between coverage of CK contents in previous teacher education and the participants' CK scores. Given that PCK is defined as an "amalgam of content and pedagogy" [81] , we also expect to detect positive (but weaker) correlations between their CK scores and the PCK/PPK contents considered, due to reciprocal effects between PCK and CK/PPK. • Interest. Individual interest is defined as a relatively enduring preference for particular topics, subject areas, or activities [84] . Pohlmann and Möller [85] have shown that "subject-specific interest" is a positive predictor of pre-service teachers' self-efficacy, working commitment, and task orientation (i.e., pursuit of increasing competence), all of which are positively related to academic performance [86] [87] [88] [89] [90] . Thus, there are positive correlations between interest and achievement, with published r values ranging between 0.05-0.26 according to a review by Fishman and Pasanella [91] . A meta-analysis by Schiefele et al. [92] corroborated these results, finding mean correlations between the two constructs of r = 0.31, averaged over various subject areas, and r = 0.16 in the subject area of biology. As interest is reportedly a highly content-specific motivational characteristic [84, 93] , we expect CK-IBI scores to be significantly related to interest in the subject, but not correlated, or even negatively correlated, to interest in pedagogy/psychology and interest in the pedagogy of subject matter.
• Self-concept. Shavelson [94] defined self-concept as "a person's perception of himself" (p. 411), arising from his set of attitudes, beliefs, and knowledge about his personal characteristics and attributes [95, 96] . The general self-concept can be subdivided into academic and non-academic self-concepts. A large body of research on academic self-concept has revealed positive relations between students' academic self-concept and their performance (e.g., [97, 98] ). Recently, Paulick et al. [99] showed that pre-service teachers' academic self-concept is empirically separable into CK-, PCK-, and PPK-related components. As self-concept and achievement have reciprocal effects [100, 101] , we expect to find a stronger positive correlation between CK scores and CK self-concept than correlations between CK scores and PCK/PPK self-concepts.
Evaluation 1
In this phase of the study a preliminary version of the CK-IBI instrument was evaluated, as previously described for an instrument designed to measure PCK (the PCK-IBI) by Großschedl and colleagues [8] . This version included items probing CK related to five biological disciplines (i.e., ecology, evolution, genetics and microbiology, morphology, and physiology) forming five subscales. The following sections describe the sample and test methods applied, the relationships between CK and other constructs and criteria used for validation purposes. Results of item and scale analyses are then presented, and finally the validity of the subscales was checked by correlational analyses, which considered teacher education program, the period of time spent in university studies, high school grade point average (GPA), and cognitive abilities as predictors of subscale scores. After describing the respective criteria/constructs, we make unambiguous statement about its hypothesized relationship towards CK.
Materials and Methods
Sample and Procedure
The sample used in Evaluation 1 consisted of 263 German pre-service biology teachers enrolled in 11 universities throughout Germany (66.9% academic track, 33.1% nonacademic track). The participants' average age was 22.8 years (SD = 2.5; 21.1% male): 22.6 years (SD = 2.2; range = 19-32 years; 25.5%) in the academic track group and 23.1 years (SD = 2.8, range = 20-34 years; 14.0% male) in the nonacademic track group. On average, they had attended 4.8 semesters in higher education (SD = 2.4), those in the academic track group 5.1 on average (SD = 2.5; range 2-12 semesters) and those in the nonacademic track group 4.1 on average (SD = 2.3; range 1-10 semesters). Slightly more than a third (36%) studied biology and a second science subject (32.4 and 41.1% of those in the academic and nonacademic tracks, respectively), while the rest studied a second non-science subject.
The tests lasted four hours, including two 15-minute breaks, conducted in lecture halls of the participants' respective universities. The breaks were implemented, as research has shown that continuous testing without breaks increases subjective fatigue [102] . However, even testing periods lasting four hours seem to have no negative effect on test performance [103] , and therefore should not bias our results. Before the first break, they filled in a demographic questionnaire and addressed questions in an instrument designed to measure cognitive abilities (described below). After this break, three booklets were randomly distributed to them, including items designed to probe CK of ecology and physiology (booklet A), genetics, microbiology, and evolution (booklet B), and morphology (booklet C). Other instruments that are not considered here were also included. After completing their assignments participants received incentive of 40 Euros (approximately US$ 54 at the time of the survey).
Operationalization of CK as a Dependent Variable
Content knowledge was assessed using 72 items (nine short answer items, 63 closed-ended items) focusing on the participants' knowledge of ecology (24 items), evolution (11 items), genetics and microbiology (11 items), morphology (10 items), and physiology (16 items) (Figure 1 ). The items were developed and judged by professors of the respective biological disciplines, with support of a 22-page manual clarifying the theoretical conceptualization of CK. The manual provided examples of items, together with essential information regarding item formats and construction, and listed relevant contents for teacher education. As already mentioned, the selection of csontents was based on an in-depth analysis of the curricula of 16 representative German universities and the German national teacher education standards [6] . For each item a coding scheme was provided by the developers.
In attempts to ensure face validity, all items were systematically judged and revised by the authors and other researchers. Items were dichotomously scored (0 = wrong answer vs. 1 = correct answer) or polytomously scored (0 = wrong answer; 1 = answer half correct [partial credit]; 2 = correct answer).
developers. In attempts to ensure face validity, all items were systematically judged and revised by the authors and other researchers. Items were dichotomously scored (0 = wrong answer vs. 1 = correct answer) or polytomously scored (0 = wrong answer; 1 = answer half correct [partial credit]; 2 = correct answer). Academic success. Grade point average was captured using a single item, with GPA ranging from 1 (good performance) to 4 (poor performance).
Results
Statistical Item Analyses
We aimed to cover each biological discipline using the eight best performing items, providing they had discrimination indices > .15 and item difficulties in the range .20 to .80. However, after removing 39 items that did not meet these criteria (see Supplemental Material A), the only subscale for which eight items remained was ecology. So, for the other subscales we used all the remaining items. We then averaged scores for the retained items associated with each subscale to obtain measures of CK of ecology (eight items; α = .56, M = 4.98, SD = 2.16), evolution (six items; α = .48, M = 6.15, SD = 2.37), genetics and microbiology (seven items; α = .68, M = 3.96, SD = 2.21), morphology (five items; α = .40, M = 2.00, SD = 1.52), and physiology (seven items; α = .59, M = 3.76, SD = 2.15). Academic success. Grade point average was captured using a single item, with GPA ranging from 1 (good performance) to 4 (poor performance).
Criterion Validity
Results
Statistical Item Analyses
We aimed to cover each biological discipline using the eight best performing items, providing they had discrimination indices >0.15 and item difficulties in the range 0.20 to 0.80. However, after removing 39 items that did not meet these criteria (see Supplemental Material A), the only subscale for which eight items remained was ecology. So, for the other subscales we used all the remaining items. We then averaged scores for the retained items associated with each subscale to obtain measures of CK of ecology (eight items; α = 0.56, M = 4.98, SD = 2.16), evolution (six items; α = 0.48, M = 6.15, SD = 2.37), genetics and microbiology (seven items; α = 0.68, M = 3.96, SD = 2.21), morphology (five items; α = 0.40, M = 2.00, SD = 1.52), and physiology (seven items; α = 0.59, M = 3.76, SD = 2.15).
Criterion Validity
We calculated product moment correlations between our subscales and three criteria (participants' type of teacher education program, number of semesters, and GPA) to assess criterion validity of our instrument (Table 1) . We expected and observed positive correlations between our subscales (r = 0.16 to 0.43) and the type of teacher education program, indicating that participants aspiring to a teaching career in the academic track outperformed participants of the nonacademic track. Furthermore, we expected positive correlations between our subscales and number of semesters, which was observed for all subscales (r = 0.11 to 0.27) except ecology (r = −0.06). Finally, we expected and corroborated our hypothesis that students' GPA is negatively related to subscale scores (r = −0.11 to −0.38). The results widely support the criterion validity of the CK measure. Note. Teacher education program (0 = nonacademic track, 1 = academic track); * p < 0.05, ** p < 0.01, *** p < 0.001.
Construct Validity
As expected and shown in Table 1 , correlational analysis applied to assess our constructs' validity detected positive correlations between the CK subscale scores and verbal reasoning abilities (r = 0.11 to 0.28). Correlations between CK subscale scores and both nonverbal figural (r = −0.13 to 0.22) and numerical reasoning abilities (r = −0.14 to 0.27) were lower and even negative in some cases. However, none of the correlations were strong, indicating that our subscales do not merely reflect formal reasoning ability.
Evaluation 2
In this phase of the study we aimed to evaluate the revised version of the CK instrument, and identify a parsimonious and efficient set of items. To enable robust assessment of the instrument's validity and more refined predictions of participants' CK performance, the questionnaire was extended to capture not only participants' teacher education program and number of semesters but also their opportunities to learn CK, performance in other domains of professional knowledge, individual interest, and self-concept.
Materials and Methods
Sample and Procedure
A total of 432 pre-service biology teachers enrolled in 12 universities throughout Germany were recruited: 79.8% and 20.2% aspiring to teaching careers in the academic and nonacademic tracks, respectively. The average age of participants was 23.4 years (SD = 2.8; 19.8% male); 23.3 years (SD = 2.8; range 18-43 years; 21.9% male) in the academic-track group and 23.7 years in the nonacademic-track group (SD = 2.82; range 19-35; 11.5% male). The participants had attended 5.9 semesters in higher education on average (SD = 2.8); those in the academic-track group 5.8 semesters on average (SD = 2.8; range 2-17 semesters), and those in the nonacademic-track group 6.0 semesters on average (SD = 2.9; range 1-14 semesters). Almost half (43.9%) studied biology and a second science subject (46.4% in the academic track group, 34.5% in the nonacademic track group), while the others studied biology and a second non-science subject.
The tests in this evaluation were administered in the same manner as those in Evaluation 1 in terms of duration (including breaks), local conditions, and monetary reimbursement. Before the break participants filled out a questionnaire consisting of questions about learning opportunities, interest, and self-concept. After the break, they completed a questionnaire that included the CK instrument and others designed to measure CK, NOS, and PPK.
Operationalization of PCK as a Dependent Variable
A revised form of the CK instrument with modifications based on results of Evaluation 1 was tested in Evaluation 2 (see Supplemental Material B). This version included 40 items (nine short answer items and 31 open-ended items), in sets of eight covering each biological discipline. Of the items used in the version tested in Evaluation 1, 33 were retained unchanged and 39 were discarded because of item interdependencies or failure to meet difficulty or discrimination criteria. The other seven were redeveloped following the developmental procedure applied in Evaluation 1.
Independent Variables
Opportunities to learn. Of the three measures used to assess CK, PCK, and PPK contents in the participants' previous education, two were applied to measure content-related knowledge (CK and PCK), by inviting responses to statements about them ("Please tick how intensively the following CK/PCK-related contents have been covered in your university studies to date.") on a 5-point Likert-scale ( PCK. PCK was assessed using 36 items of the PCK-IBI instrument [8] .
This includes 16 open-ended items, six short answer items, and eight closed-ended items (six items consist of two or three subitems with different item formats; subitems were merged because of subitem interdependencies). Some probe participants' knowledge of instructional strategies, including both representation of subject matter and responses to specific learning difficulties (here: knowledge of instructional strategies for teaching; 18 items). Others probe knowledge of students' conceptions and preconceptions (here: knowledge of students' understanding; 18 items; see Figure 1 ). Two items were deleted because they did not meet acceptance criteria (item difficulty 0.22 to 0.84 and discrimination indices > 0.19). After removing these items, we averaged responses, resulting in a measure of PCK (34 items; α = 0.77, M = 27.51, SD = 7.52), with expected a posteriori/plausible value (EAP/PV) and weighted likelihood estimate (WLE) reliability values of 0.66 and 0.72, respectively [8] . The PCK-IBI is a mixture of dichotomously scored (0 = wrong answer vs. 1 = correct answer) and polytomously scored items (0 = wrong answer; 1 = answer half correct [partial credit]; 2 = correct answer). A coding scheme was used to judge the pre-service teachers' answers.
NOS. NOS was measured using 23 Likert-type items (1 = Strongly Disagree; 2 = Disagree; 3 = Uncertain or Not Sure; 4 = Agree More Than Disagree; 5 = Strongly Agree) of the "Student Understanding of Science and Scientific Inquiry (SUSSI)" [105] . As both positively and negatively phrased items were included, the responses were recoded so the scores were all positively correlated with understanding of science and scientific inquiry. The Cronbach's α value for the knowledge of NOS measure was 0.80 (M = 84.06, SD = 9.56).
PPK. PPK was assessed using 67 items (12 open-ended, four short answer and 51 closed-ended items). These items were developed by experienced educational researchers, based on the national teacher education standards of Germany [106] in an analogous manner to the CK and PCK items. They focused on pre-service teachers' knowledge of "instructional strategies for teaching" (14 items), "students' understanding" (19 items), "classroom management" (21 items), and "assessment" (13 items). Twelve items were removed because they had low discrimination power. The Cronbach's alpha value of the resulting scale was 0.92 (55 items; M = 82.60, SD = 29.38), indicating good internal consistency.
Interest. We used six items of the Study Interest Questionnaire (SIQ) [107] to measure pre-service biology teachers' interest in the three domains of university studies: the subject (source of CK), pedagogy/psychology (source of PPK), and pedagogy of subject matter (source of PCK; German term Fachdidaktik) [108] (p. 656). The participants were asked to assess the degree to which each of these items (e.g., "Dealing with the contents and issues of this study area is one of my favorite activities") applies to the three sources of professional knowledge (subject, pedagogy/psychology, and the pedagogy of subject matter) on 4-point scales from "does not apply at all" (1) to "fully applies" (4). We averaged scores for items associated with each subscale, resulting in measures for interest in the subject (α = 0.80, M = 20.38, SD = 3.05), pedagogy/psychology (α = 0.88, M = 14.56, SD = 4.40), and pedagogy of subject matter (α = 0.82, M = 15.56, SD = 3.68).
Self-concept. To measure pre-service teachers' self-concept, we used items of two subscales (professional competence and methodological competence) of the Berlin Evaluation Instrument for self-evaluated student competencies (BEvaKomp) [109] . The instrument measures students' CK-, PCK-, and PPK-related self-concept components. The participants were asked to assess the degree to which each of these items, e.g., "I can see the connections and inconsistencies in the subject area of CK (vs. PCK vs. PPK)", applies to the three domains of professional knowledge (CK, PCK, and PPK) on 4-point scales ranging from "does not apply at all" (1) 
Statistical Analysis
Rasch analysis. In order to obtain unconfounded psychometric measurements the procedures used must capture the same ability or attribute (i.e., latent trait) [110, 111] . Hence, operationalized variables used in any instrument must each capture a single latent trait to generate valid overall scores [112] . A number of procedures have been developed to test such "unidimensionality" [113] , and a frequently used option is to fit the data to a unidimensional measurement model, e.g., the Rasch model [114] . Discrepancies between modelled and empirical data are expressed using descriptive statistics, such as INFIT and OUTFIT, which are mean-square residuals ranging from 0 to infinity, but with expected values of 1 (if the null hypothesis of unidimensionality is not violated). Indices smaller than 1 indicate higher than expected predictability, which may be due to redundancy in the data (i.e., overfit) [115, 116] . In Classical Test Theory low mean-square residuals are regarded as desirable, and according to Item Response Theory "they do no harm", despite indicating some redundancy in responses [116] (p. 370). The cited authors do not present any strict thresholds for acceptable OUTFIT and INFIT values, but claim that the values should ideally be somewhere between 0.5 to 1.5. However, in this study we used a tighter range of acceptability: from 0.8 to 1.2. In addition to calculating OUTFIT and INFIT values for the selected items, we applied t-value-tests to identify values that significantly differed from 1. OUTFIT means outlier-sensitive fit, so OUTFIT statistics are highly sensitive to unexpected observations, that is, responses to items with difficulties far away from persons focal ability (i.e., items that respondents find relatively very easy or very hard). In contrast, INFIT means inlier-sensitive fit, and INFIT statistics are more sensitive to discrepancies in patterns of responses to items targeting the persons' focal ability [115, 117] .
We used ACER ConQuest software (version 1.0.0.1) [118] to analyze the acquired data. As the measures included dichotomously and polytomously scored items, both person ability and item difficulty were estimated using Masters' [119] partial credit model (PCM). This is an extension of the simple logistic (Rasch) model that enables analysis of cognitive items scored in more than two ordered categories, with differing measurement scales, and can provide estimates of threshold parameters for each item, even if the thresholds vary among items [118, 120] . We used the WLE method to estimate Person ability as it is less biased than maximum likelihood estimation, and provides best point estimates of individual ability [121] . The person ability scores were used for further calculations implemented in SPSS ® . The measurement accuracy was assessed by calculating EAP/PV and WLE reliability values [118] .
Dimensionality analysis of the CK-IBI. Multidimensional Rasch analysis was applied to analyze the dimensionality of the CK-IBI. Since our instrument is intended to cover five biological disciplines, initially a five-dimensional model was fitted to the data, assuming that knowledge of ecology, evolution, genetics & microbiology, morphology, and physiology form separate dimensions. Then we compared the model's fitting parameters to corresponding parameters of a one-dimensional model, which implicitly assumes that CK scores reflect a single latent trait. To identify the model providing the best fit to the data we calculated deviance factors (inversely reflecting the degree to which the data fit underlying assumptions). To assess the significance of differences between the models' deviance factors we applied χ 2 -tests, in which the degrees of freedom depend on the number of estimated parameters [122] .
In addition, we compared the five-and one-dimensional models using Akaike's Information Criterion (AIC = deviance + 2 np; [123] ) and Bayes' Information Criterion (BIC = deviance + [lnN] 2 np; [124] ). These criteria do not allow significance tests, but offer the possibility to take into account models' parsimony. Generally, the lower the coefficient, the better the fit between the model and the data [124, 125] . The AIC is superior when the number of possible response patterns greatly exceeds the sample size, while the BIC is superior in opposite cases [126] .
Analysis of the CK, PCK, and PPK measures' factor structure. We used confirmatory factor analysis (CFA), which can be applied to examine the relationship between any set of observed variables (e.g., set of items) and set of continuous non-observed variables, to analyze the construct validity of our CK, PCK, and PPK measures. Bentler [122] recommends a minimum ratio of 5:1 between sample size and number of free parameters, but we could not meet this recommendation due to the high number of items. However, using scores for all of the items would lead to a ratio of nearly 1:1, so we used scores for parcels of items associated with subscales as manifest indicators (e.g., giving 15 rather than 126 factor loadings) of latent variables [80, 127] .
We expected a three-factor model including single latent traits for CK, PCK, and PPK to provide adequate explanation of the variation in responses to our measures. We allocated items associated with each of the three factors to five parcels, thereby reducing the number of factor loadings from 126 to 15 and obtaining a sample size to number of free parameters ratio of 9:1. To estimate the parcel scores we used the WLE (Weighted Maximum Likelihood Estimate) method, which provides best point estimates [121] . As the participants were enrolled in 12 universities, we used "Type = complex" when conducting the CFA to consider the nested structure of the data, with factor variance set to 1 to fix the metric of the latent variables. Distributions of our parcel scores did not meet normality requirements, so we applied full information maximum likelihood estimation with robust standard errors in MPlus 5.21 [128] .
Differential item functioning (DIF).
A test instrument should always be "fair" to all of the test subjects, in the sense of functioning equivalently towards all groups. So, the difficulty of all the included items should be solely governed by the construct the instrument is intended to measure, and not influenced by any irrelevant or extraneous factors. Otherwise, representatives of different groups with the same ability in terms of that construct may have differing probabilities of answering an item correctly. This is referred to as differential item functioning (DIF) [129] [130] [131] . Hence, as any group of subjects may include representative of numerous subgroups (differing, for instance, in race, gender, age, etc.), it is important to identify factors that may be most relevant for testing an instrument. We selected two factors: the participants' track (academic versus nonacademic) and second teaching subject (science (physics or chemistry) versus a non-science subject).
Several techniques have been developed to detect DIF [129, 131] . We chose to use a model, based on item response theory, implemented in ACER ConQuest software (version 1.0.0.1) [118] . The model included interactions between item difficulty and both factors (track and second teaching subject, respectively), in order to capture variations in responses due to differences in item difficulties among the corresponding subgroups (academic versus nonacademic groups, and those taking another science subject versus another non-science subject), on the same scale [132] . The statistical significance of differences between groups in item difficulties depends on sample size, so we used effect sizes suggested by the Educational Testing Service [133] . Following their recommendations, we distinguished three categories: A, B, and C for differences in item difficulty between two groups that are non-significant (<0.43 logits), significant and indicative of a slight to moderate effect (0.43 to 0.64 logits), and significant but indicative of a moderate to large effect (> 0.64), respectively [130, 133, 134] .
Results
Statistical Item Analyses
Item analysis was conducted in two steps. First, three items were removed because their item difficulty values were outside the pre-defined acceptable range of 0.20 to 0.80, resulting in a set of 37 items (see Supplemental Material B). Then, the dimensionality of the CK-IBI was investigated by Rasch analysis. We fitted a five-dimensional PCM to the data, each dimension representing one of the discipline-based subscales: ecology, evolution, genetics and microbiology, morphology and physiology. To explore the empirical separability of the subscales, we also fitted a one-dimensional model to the data. Results of the Rasch analysis show that the one-dimensional model fits the data better than the five-dimensional model. 2) showed that all of the items adequately fitted Rasch model expectations, indicating that the CK-IBI provides acceptable unidimensionality (see Supplemental Material A). Rasch analysis locates item difficulty values and person ability scores on an interval scale with a common metric [135] . Hence, the suitability of any instrument for exploring abilities or traits of a given population can be displayed in a Wright map. The map we obtained using this approach shows that the mean and standard deviation of the items' difficulty correspond to the ability of the sample (see Figure 2) . Educ 
Latent Structure of Professional Knowledge
To investigate the construct validity of the professional knowledge measures, we investigated whether professional knowledge is represented by three distinguishable domains: CK, PCK, and PPK [8] . For this purpose, we subjected data obtained from 430 pre-service biology teachers enrolled in teacher education programs at 12 German universities to CFA. We hypothesized that a three-factor model would adequately explain pre-service teachers' responses to our measures. To test this hypothesis, we examined the model's goodness of fit to the acquired data using several approaches. A χ²-test showed there was no significant deviation between observed and predicted covariance matrices (χ² [87] = 109.15, p = .06), indicating good model fit. We also calculated three statistics recommended for judging model fits in one-time analyses: the comparative fit index (CFI), Tucker-Lewis fit index (TLI), and root-mean-square error of approximation (RMSEA) [136] . Both CFI and TLI compare the model of interest (here the three factor model) with a "baseline" model in 
To investigate the construct validity of the professional knowledge measures, we investigated whether professional knowledge is represented by three distinguishable domains: CK, PCK, and PPK [8] . For this purpose, we subjected data obtained from 430 pre-service biology teachers enrolled in teacher education programs at 12 German universities to CFA. We hypothesized that a three-factor model would adequately explain pre-service teachers' responses to our measures. To test this hypothesis, we examined the model's goodness of fit to the acquired data using several approaches. A χ 2 -test showed there was no significant deviation between observed and predicted covariance matrices (χ 2 (87) = 109.15, p = 0.06), indicating good model fit. We also calculated three statistics recommended for judging model fits in one-time analyses: the comparative fit index (CFI), Tucker-Lewis fit index (TLI), and root-mean-square error of approximation (RMSEA) [136] . Both CFI and TLI compare the model of interest (here the three factor model) with a "baseline" model in which latent variables are assumed to be uncorrelated. The CFI and TLI values of our model are 0.98, comfortably exceeding the general threshold (0.95) for acceptable model fit [136, 137] . At 0.02, the RMSEA (square root of the average of the covariance residuals) was also substantially lower than the general threshold for acceptability, 0.05 [138] . However, we detected comparatively strong latent correlations between CK and PCK (r = 0.82), and between CK and PPK (r = 0.51, p < 0.001 in both cases), indicating that high performance in CK is accompanied by high performance in PCK and PPK. As all of the applied tests indicated that our model has good fit to the acquired data, no post-hoc modifications were applied.
Criterion Validity
Product moment correlation coefficients of two criteria selected to assess criterion validity-"type of teaching program" (track) and "number of semesters"-show that both are significantly and positive correlated with CK scores (r = 0.29 and 0.26, respectively; p < 0.001 in both cases). These results strongly support the measure's criterion validity.
Construct Validity
Construct validity was checked by correlating CK scores with four categories of measures, capturing: (1) opportunities to learn, (2) performance in further domains of professional knowledge, (3) individual interest, and (4) self-concept. First, CK scores were correlated with subscale scores reflecting how much typical CK, PCK, and PPK contents were considered in participants' previous teacher education. The results show that CK scores are more strongly correlated with opportunities to develop CK (r = 0.26, p < 0.001) than with opportunities to develop PCK (r = 0.11, p < 0.05) and PPK (r = 0.07, p = 0.07), suggesting that our instrument reflects CK more strongly than PCK or PPK (Table 2) . Second, correlations between CK scores and performance in other domains of professional knowledge were examined. As expected, we found significant and positive correlations between CK scores and knowledge of NOS, PCK and PPK scores (r = 0.31 to 0.61, p < 0.001 in all cases; Table 2 ), corroborating the validity of our CK measure. Third, we found a positive correlation between CK scores and interest in CK (r = 0.14, p < 0.01), but negative correlations between CK scores and interest in both PCK (r = −0.06, p = 0.11) and PPK (r = −0.17, p < 0.001) ( Table 2) . Fourth, we found a stronger correlation between CK scores and CK-related self-concept (r = 0.28, p < 0.001) than between CK scores and both PCK-related and PPK-related self-concept (r = 0.12, p < 0.01 and r = −0.05, p = 0.15, respectively). These findings further corroborate the validity of the CK-IBI. Note. CK, PCK, and PPK = content knowledge, pedagogical content knowledge, and pedagogical and psychological knowledge, respectively.
DIF
To analyze "teacher education program" and "second teaching subject", DIF was calculated for each item. While the range was 0.01 to 0.86 logits for "teacher education program", it was 0.00 to 0.68 logits for "second teaching subject". Negligible DIF (category A) was found for 35 items with two items showing moderate to large DIF (category C; see Supplemental Material A) for "teacher education program". For "second teaching subject" 33 items for category A, one item for category C (see Supplemental Material A) and three items showing slight moderate DIF (category B) were found.
Discussion
The aim of the cross-sectional KiL study (2011-2013) was to develop an objective, reliable, and valid instrument to measure pre-service biology teachers CK. To meet this aim, a paper-and-pencil test format including both closed-and open-ended items was selected and a manual was produced to assist formulation of items in the instrument (called the CK-IBI) in efforts to maximize its objectivity. Then the instrument was evaluated and refined in two developmental phases (designated Evaluations 1 and 2) in which its reliability and validity were tested and the items were adjusted. Our findings indicate that we successfully developed an instrument that objectively, reliably and validly measures pre-service biology teachers' CK in a reasonable amount of time (45-60 min). Research addressing cognitive fatigue during testing has shown that participants are able to work on cognitively demanding tests over suchlike testing periods without negative fatigue-related disturbance [102, 103, 139] . Ackerman and colleagues [103] , for example, found that four hours of continuous testing increase subjective fatigue, but have no negative effect on test performance.
Evaluation 1
Evaluation 1 focused on a preliminary version of the CK-IBI. According to the results of the statistical item analysis, the preliminary version of the CK-IBI was revised to provide parsimonious and efficient subscales. The analyses broadly confirm the criterion validity of the CK-IBI. The results show that-as expected and reported in other studies [32, 48, 61, 62] -pre-service biology teachers from the academic track group outperform their fellow students from the nonacademic group. This indicates that the CK-IBI can discriminate between different groups of prospective biology teachers. Moreover, the GPA score, a construct which is strongly related to academic achievement [69] [70] [71] and CK performance [48, 72, 73] was highly related to the CK scores. However, surprisingly we found no significant correlation between participants' number of semesters in higher education and CK scores related to most of the subscales of the CK-IBI. Only their "microbiology and genetics" CK scores were positively related to the number of semesters, indicating that performance in this content area increases with time spent in the teacher education program. A possible explanation for this unexpected result is that the universities that our participants attend deal with specific content areas at different stages of their teacher education. Moreover, most of the single subscales in the preliminary version were not satisfactorily reliable, and an exception was "microbiology and genetics" (which correlated with the number of semesters as hypothesized). As expected, we found a positive relationship between verbal reasoning abilities and CK, together with weaker relationships (some negative) between the other subscales of the cognitive abilities test and CK, supporting the construct validity of the CK-IBI.
Evaluation 2
The preliminary item set was revised and several items were developed to improve the CK-IBI according to results of Evaluation 1. Rasch analysis-based comparison of a one-dimensional model to a model treating CK as consisting of the five dimensions analogous to the targeted content-areas confirmed that the revised CK-IBI reliably measures a single latent trait. This result is important for the interpretation of total scores [110, 112] . To assess test fairness, we investigated the degree (if any) of our items' DIF with respect to "type of teacher education program" (academic track versus nonacademic track) and second teaching subject (science versus non-science). The results showed that two items discriminated against participants who aspire to a career in academic track schools. Both of these items concern typical lower grade topics (the human eye and vertebrate classes). Hence, the DIF may be due to a stronger focus on such topics in teacher education programs that certify pre-service biology teachers for a career in nonacademic track schools than in their academic track-oriented counterparts. In addition, two items concerning anthocyanins and ATP discriminated against participants lacking a second science subject, presumably because these are chemistry-related topics. However, three items concerning typical biological topics (e.g., the digestive tract of ruminants), discriminated against participants taking a second science subject. We have no explanation for this finding. Due to the low amount of items showing DIF, we decided to keep these items in the CK-IBI. However, researchers should consider removing these items when subsamples should be compared concerning the type of teacher education program or second teaching subject.
In further assessments of the revised instrument, as in Evaluation 1, we found expected correlations between CK scores and both type of teacher education program and number of semesters that support its criterion validity. Similarly, we found that CK scores were more strongly correlated to constructs associated with CK than to constructs associated with PCK or PPK, supporting its construct validity. Findings show that opportunities to learn that are highly related to CK, CK-related interest, and CK-related self-concept were all more strongly correlated with pre-service biology teachers' CK than the constructs related to PCK or PPK. Another construct that is highly related to CK is knowledge of NOS (e.g., [32, 77] ), thus the expected and confirmed strong correlation between these two constructs further support the instrument's validity. Examination of the latent factor structure also revealed that the CK-IBI measures CK as a distinct and separable domain, in accordance with previous findings that CK is separable from other domains of professional knowledge (e.g., [29, 78, [140] [141] [142] ).
Although CK, PCK, and PPK are empirically separable, we found a strong correlation between the pre-service biology teachers' CK and PCK scores, and a moderate correlation between their CK and PPK scores. This pattern is consistent with theoretical expectations as PPK is defined as a domain of teachers' professional competence that is not related to a specific content, whereas both CK and PCK are related to the content (e.g., [29, 143] ). The strong correlation between CK and PCK scores is also consistent with previous findings regarding the professional knowledge of pre-service physics teachers [48] and pre-service mathematics teachers [79] , who reported correlations with r latent = 0.68 and 0.79, respectively (p < 0.001 in both cases). A strong correlation between CK and PCK performance of in-service mathematics teachers has also been found [80] . However, Jüttner and Neuhaus [144] found a weaker correlation between in-service biology teachers' CK and PCK performance (r latent = 0.22, p < 0.01), possibly because the items they developed and applied to measure PCK included necessary information about the content. Previous analyses of the relationship between CK and PPK have found a moderate correlation [32] or weak correlation [33] .
In summary, the results of the two cross-sectional studies support the objectivity, reliability, and validity of the CK-IBI. In addition, as well as the expected correlation between CK scores and CK-related opportunities, we detected correlations between CK scores and both PCK-and PPK-related opportunities to learn. These opportunities to learn also seem to provide opportunities to develop CK. This result does not conflict with the validity of the instrument, but rather confirms that CK, PCK, and PPK are related domains of professional knowledge (e.g., [32, 33, 48, 78, 80, 144] ). Hence, CK, PCK, and PPK should not be regarded as isolated domains, for instance when considering possible strategies to improve teacher education or characteristics of a successful teacher.
Limitations
Our results confirm the objectivity, reliability, and validity of the CK-IBI. However, the following limitations should be noted and discussed. Pre-service biology teachers' voluntarily participated in both evaluations. Thus, it is possible that the results are biased due to the motivation to participate, as those who participate in a voluntary study may be more likely to be enthusiastic about the topic of the study (here biological CK) and have higher relevant self-efficacy beliefs. However, the remuneration for participation may have attenuated this bias. A further concern is related to the test fairness of some items. We identified DIF associated with several items and reasons for the DIF in some cases, which may assist users considering whether to retain or remove those items (e.g., DIF of some samples was related to type of teacher education program, and thus would be irrelevant for testing a sample, e.g., consisting solely of prospective academic track teachers).
Due to the assignment of the content areas to different test booklets in study 1, we did not acquire scores for all items from every participant. However, as the aim of this study was to develop a valid instrument, it was essential to use a sufficient number of items and the applied booklet design helped us to do so in an acceptable amount of test time.
Implications
Implications for Further Research
The results of our study broadly confirm the validity of the CK-IBI. Nevertheless, additional research could further confirm its validity and/or identify ways to enhance it. One potentially informative approach is cross-validation with other instruments based on paper-and-pencil tests, or other methods developed to measure biology teachers' CK, e.g., interviews or concept mapping. Our research design prevented inferences regarding the CK-IBI's predictive validity, so it would be interesting to assess its validity for predicting students' performance, and thus the relevance of its CK measurements for teaching. This would require its application to a sample of in-service teachers, after checking the suitability of the CK-IBI for testing samples of in-service teachers. It should be mentioned that finding no effect of CK on students' performance would not necessarily refute the instrument's validity, and would have potential implications for the importance of CK for successful teaching [7, 9, 12] .
The challenges facing biology teachers continuously change, due (inter alia) to new biological research findings, and consequent incorporation of new topics such as epigenetics or genetic engineering in teacher education programs and school curricula. Thus, the instrument could be extended or amended by adding or changing items in accordance with developments in biology education.
Beyond that, future research should answer the question how to implement the CK-IBI into a survey best. One of the questions our research left open is, whether demographic items should be placed at the beginning of a survey or at the end, i.e., before or after administering the CK-IBI. We placed demographic items first, since research has shown that this increases response rates for demographic items without having negative effects on response rates for the rest of a survey [145] . In contrast, placing demographic items at the end reduces response rates on demographic items without an effect on response rates for the rest. However, we cannot exclude that placing demographic items first leads pre-service teachers to respond differently to the CK-IBI as if they were not primed with their demographic characteristics (e.g., track). This effect is known as stereotype threat, which is ". . . a situational threat that diminishes performance, originating from a negative stereotype about one's own social group" [146] (p. 300). Future research has to clarify, whether negative stereotypes could arise from track membership (academic vs. nonacademic). This would be plausible, as track membership determines the number of subject-related courses pre-service teachers attend [60] and research has shown that pre-service teachers of the academic track outperform their colleagues of the nonacademic track in matters of performance and motivational characteristics [147] . Thus, the difference between pre-service teachers CK-IBI scores observed in our study at least in part could be attributed to the priming of pre-service teachers with the demographic question referring to the teacher education program. In order to avoid activating negative stereotypes about test performance, some researchers [148] recommend to place questions about the demographic group (e.g., track membership) at the end of a survey and to place performance measures at the beginning. However, unpublished results show that pre-service teachers which identify with teacher-related stereotypes reach higher CK-IBI scores than their counterparts without such stereotypes [149] .
Implications for Teacher Education
In addition to confirming the quality of the developed instrument, the results of this study have implications for strategies to improve pre-service biology teacher education. Our findings reveal that CK is a distinct domain of biology teachers' professional knowledge, but related to PCK and PPK. This indicates that acquisition of knowledge in these three domains does not proceed in an isolated manner. This conclusion is supported by our finding that opportunities to learn related to PCK and PPK also provide opportunities for CK development. Therefore, we infer that integration of the different domains of professional knowledge provides beneficial opportunities for their development. Due to the strong relations between CK and PCK, and between PCK and PPK, joint consideration in teacher education seems plausible. However, there are also interactions between CK and PPK during teaching; PPK enables teachers to use available time optimally to promote student learning related to a specific content [143] .
Implications for the Further Application of the CK-IBI
The overarching aim of this study was to provide an objective, reliable, and valid instrument to measure pre-service biology teachers' CK. The results of this study indicate that we achieved this goal and that our instrument is ready for application by other researchers in other projects. The CK-IBI was originally developed in German language and was translated to enable its use by an international audience. We believe that it could be applied in several contexts, including those outlined below.
Applications
Application in Further Research
The CK-IBI could assist efforts to address various research questions related to CK. Notably, its use in a longitudinal study could help to elucidate how biology teachers' CK develops during teacher education and during teachers' occupational life. This would also help to identify specific learning opportunities for biology teachers to develop CK. A further interesting research question concerns the relevance of CK for students' performance. Available empirical indications of its importance are mixed [7, 9, 12] , and application of the CK-IBI could help clarification of this issue. However, as already stated, further validation of the instrument for use with in-service samples would be required before using the CK-IBI in research outside university-level teacher education settings. The CK-IBI could also help cross-validation of other developed instruments. Moreover, both our instrument and the test development procedure (involving curriculum analysis, item development by experts and two rounds of evaluation and adjustment to ensure objectivity, validity, and reliability) could serve as role-models for other test-development studies. We would appreciate the application of the CK-IBI by international groups, as this would provide information about its reliability and validity for non-German samples. The current version of the CK-IBI appears to be a good starting point for adaptation to meet different demands in different educational systems, as illustrated by application of an instrument developed by Jüttner and Neuhaus [34] to a US sample, although its development involved detailed consideration of the curricula of German universities.
Application in University-Level Teacher Education
The CK-IBI could be used by teachers in university-level teacher education courses to measure pre-service biology teachers' CK. Moreover, pre-service biology teachers could use the CK-IBI to test their own CK in order to optimize their learning progress.
Application in School
The CK-IBI is also a useful instrument for in-service teachers to self-evaluate their CK in order to identify their specific needs for CK-related professional development.
Conclusions
We have developed one of the first (to our knowledge) objective, reliable, and valid instruments for assessing pre-service biology teachers' CK that has been provided to the scientific community. The analysis of the curricula of universities all over Germany, the participation of experts in the item development, and two-phase evaluation of the instrument's quality, helped us in reaching this goal. We are optimistic that the CK-IBI will be used by a wide audience and applied in both various research fields and other contexts. As it covers all the basic biological disciplines we assume that it will also be applicable in studies on teacher education in other countries. The CK-IBI is currently being applied in the framework of a study examining the development of German pre-service biology teachers' CK during university-level teacher education. 
